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Searching for Boosted Dark Matter mediated by a new Gauge Boson
Wonsub Cho,1, ∗ Ki-Young Choi,1, † and Seong Moon Yoo1, ‡
1Department of Physics, Sungkyunkwan University, 2066,
Seobu-ro, Jangan-gu, Suwon-si, Gyeong Gi-do, 16419 Korea
We study the possibility to directly detect the boosted dark matter generated from the scatterings
with high energetic cosmic particles such as protons and electrons. As a concrete example, we
consider the sub-GeV dark matter mediated by a U(1)D gauge boson which has mixing with U(1)Y
gauge boson in the standard model. The enhanced kinetic energy of the light dark matter from the
collision with the cosmic rays can recoil the target nucleus and electron in the underground direct
detection experiments transferring enough energy to them to be detectable. We show the impact of
BDM with existing direct detection experiments as well as collider and beam-dump experiments.
PACS numbers:
I. INTRODUCTION
The nature of dark matter (DM) is one of the unsolved
problems in the astro-particle physics that spans from
the small scales of galaxy to the large scales of the Uni-
verse [1]. The underground direct-detection experiment
is one of the ways to search for the non-gravitational
nature of DM and the sensitivity of the elastic scat-
tering cross section with nucleon now goes down to
σχp & 4.1 × 10−47 cm2 at 30GeV of DM mass [2]. The
constraints on the scattering cross section of DM with
electron is σχe & 3× 10−38 cm2 at 100MeV [3–5].
In these studies of the DM direct detection, the
DMs are assumed to be non-relativistic with a Mawell-
Boltzmann distribution around the Milky Way galaxy
with speed around 10−3c, with the speed of light c. How-
ever recently it was noticed that the small amount of
DMs in the Milky Way can be boosted due to the scat-
terings with high energetic comic rays (CRs) of nuclei [6]
and electrons [7, 8]. The boosted DM (BDM) can trans-
fer large momentum to the target and make the recoil
energy above the detector threshold even with the light
DM. This was used to search for dark matter in simple
models [9, 10].
In this paper, we apply this novel method to the light
DM mediated by a new U(1) gauge boson which has a
mixing with U(1)Y in the Standard Model [11–13], which
is one of the simplest extension of the Standard Model
(SM). In this model, the mixing connects the visible and
hidden sector through the mediation of the gauge bosons
and opens the portal to the DM in the hidden sector.
Here the DMs can interact with both nuclei and elec-
trons, and therefore it is necessary to consider both scat-
terings with nuclei and electrons in the BDM generation
as well as in the direct detection. This gives different
behavior and constraints compared to the previous anal-
ysis assuming a single kind of interaction. In this study,
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we give the realization of the up-scattered DM by cos-
mic rays of a vector-mediation [9] and complements the
existing constraints on this model [14–20].
In Sec. II, we introduce the model we consider, and in
Sec. III we summarize the generation of BDM and atten-
uation. In Sec. IV, we show the results with constraints
from BDM, and conclude in Sec. VI.
II. MODEL
We consider a model of Dirac fermion dark matter with
a dark gauge symmetry U(1)D which mediates the in-
teraction between dark and SM sector through mixing
with U(1)Y in the Standard Model [14, 21, 22]. The La-
grangian is given by
LZd = −
1
4
ZˆdµνZˆ
µν
d +
sin ε
2
Bˆµν Zˆ
µν
d +
1
2
(m0Zd)
2Zˆµd Zˆdµ,
(1)
where Bˆµν and Zˆdµν are the field strengths of U(1)Y in
the SM and U(1)D in the dark sector respectively, with
a small mixing term parametrized by sin ε, and mZd is
the mass of dark gauge boson. Here we assume that the
hidden sector gauge symmetry is spontaneously broken
by additional Higgs so that the mass of hidden gauge
boson Zd is generated. The fermion dark matter χ has
gauge interaction with hidden gauge boson with gauge
coupling gd as
Lint = gdZˆdµχ¯γµχ. (2)
Below the electroweak symmetry breaking, the mass
eigenstates (without hat) are related to the bare gauge
fields (with hat) as
Aˆ = ASM − cW tεsXZSM + cW tεcXZd,
Zˆ = (cX + sW tεsX)ZSM + (sX − sW tεcX)Zd,
Zˆd = −sX
cε
ZSM +
cX
cε
Zd,
(3)
with the mixing angle θX given by
tan 2θX =
2(m0Z)
2sW tε
(m0Z)
2(1 − s2W t2ε)− (m0Zd)2/c2ε
. (4)
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FIG. 1: The scattering cross section of DM and CRs in the DM rest frame with the kinetic energy Ti of CR with DM mass
mχ = 10
−3 GeV (Left) and 0.1GeV (Right). Here we used mZd = 0.03GeV, αd = 1, and sin
2 ε = 10−7.
Herem0Z is the mass of Z-boson in the SM, and we use the
abbreviations defined by sW = sin θW , cW = cos θW with
Weinberg mixing angle θW , and tε = tan ε, cε = cos ε,
sε = sin ε, and similarly for cX = cos θX , and sX =
sin θX .
In the SM, the gauge interaction for a fermion ψ with
SU(2) charge T3 and electromagnetic charge Q is given
by
LSM,int = ψ¯γµψ
{
eQAˆµ +
e
sW cW
(T3 −Qs2W )Zˆµ
}
,
(5)
where ψ = νL, eL, eR, etc and e = |e|. In Appendix, we
show the corresponding interaction Lagrangian between
DM and proton, neutron, electron and neutrino, from
which the elastic scattering cross sections are calculated.
For the scattering with nucleus, the cross section at
finite momentum transfer is corrected with a form factor
as given by
σχN (s, q
2) = σχN (s)× F 2(q2), (6)
where q2 = 2mNTN with the mass of the target mN and
recoil kinetic energy TN . Here we use the Helm form
factor [23] with
F (q2) = 3
j1(qrn)
qrn
e−q
2s2/2, (7)
where j1 is the spherical Bessel function, s = 1 fm is the
nuclear skin thickness, and rn = (c
2 + 73π
2a2 − 5s2)1/2
parametrizes the nuclear radius, with c = 1.23A1/3− 0.6
fm and a = 0.52 fm, and A is the mass number of the
nucleus.
In Fig. 1, we show the total scattering cross sections
in terms of the initial kinetic energy of CRs of proton
(blue), He (red), and electron (green), in the rest frame
of DM with mass mχ = 10
−3GeV (Left) and 0.1GeV
(Right). Here we used the parameters mZd = 0.03GeV,
αd ≡ g2d/(4π) = 1, and sin2 ε = 10−7. We can see that
the temperature dependence of the cross section vareis
for different mass parameters. When mχ < mZd (Left),
the cross section grows corresponding to the momentum
transfer betweenmχ andmZd . However whenmχ > mZd
(Right), the cross section decreases with Ti for CR proton
and Helium, because momentum transfer is larger than
the mass of mZd .
In Fig. II, the contour plots of the scattering cross sec-
tion of DM with cosmic ray proton are shown on the
plane of (mχ, sin
2 ε) with mZd = 0.03GeV (Left) and
on the plane of (mZd , sin
2 ε) with mχ = 0.1GeV (Right)
with initial kinetic energy Ti = 1GeV and αd = 1.
III. BOOSTED DARK MATTER FROM
SCATTERINGS WITH COSMIC RAYS
Boosted DM The DMs in the Galactic halo are scat-
tered by the cosmic rays. In the initial rest frame of DM,
the recoiled kinetic energy of DM after scattering Tχ can
be written as
Tχ = T
max
χ
1− cos θ
2
,
Tmaxχ =
T 2i + 2miTi
Ti + (mχ +mi)2/(2mχ)
,
(8)
wher mχ and mi are the mass of DM and the colliding
CR particle, respectively, and θ is the scattering angle in
the center-of-mass frame between DM and CR particle.
Here Tmaxχ is the maximum kinetic energy that the DM
can have after scattering. The mometum transfer in the
collision can be written as Q2 = 2mχTχ. In other way,
the minimum kinetic energy of the cosmic particles to
make DM with Tχ is given by
Tmini =
(
Tχ
2
−mi
)(
1±
√
1 +
2Tχ
mχ
(mi +mχ)2
(2mi − Tχ)2
)
,
(9)
where + for Tχ > 2mi and − for Tχ < 2mi. When
DM collides to the nuclei in the rest frame, i and χ are
interchanged in the above equations.
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FIG. 2: Differential flux in terms of kinetic energy of CR
proton, Helium, and electron [24].
To find the flux of BDM, we follow the method in
Ref. [6]. The differential flux of BDM with the kinetic
energy Tχ is obtained by integrating the flux of DM after
scattering with initial kinetic energy of cosmic particle Ti
as
dΦχ
dTχ
=
∑
i=p,He,e
∫ ∞
Tmini
dTi
dΦχ
dTχdTi
,
=
ρlocalχ
mχ
Deff
∑
i=p,He,e,ν
∫ ∞
Tmini
dTi
dσχi(Ti)
dTχ
dΦLISi
dTi
,
(10)
where Tmini is the minimum energy of cosmic rays to give
DM kinetic energy Tχ after collision. Here we summed
over the contributions from each CR of proton, Helium,
and electron. In the second line, the scattering cross sec-
tion between DM and CR σχi is a function of Ti. For the
flux of cosmic particles, we use the interstellar spectrum
of the high energy cosmic particles observed by Voyger
1 [24]. In Fig. 2, we show the flux of CRs we used, and
assume that the CR flux is uniform in the DM halo.
In the second line, the effective distanceDeff is defined
as
Deff =
(
ρlocalχ
)−1 ∫ dΩ
4π
∫
dℓ ρχ, (11)
where we used ρlocalχ = 0.3GeV/ cm
3. Here as a repre-
sentative value we use the effective distance Deff = 1kpc.
In Fig. 3, we show the flux of the BDM generated
from scatterings with proton (blue), He (orange),
electron (green), and the total (black), for reference
values of mχ = 0.1GeV, mZd = 30MeV, αd = 1, and
sin2 ε = 10−7. For heavier DM with mχ = 0.1GeV
(Right), the proton and Helium dominates, however
for the light DM with mχ = 1MeV (Left), the elec-
tron scattering is comparable to those from proton
and Helium. This can be easily understood from the
Fig. 1. When the mass of DM is lowered, the number
of DM increases, and the cross section to nuclei is
however decreased at Ti ∼ GeV, and they more or
less compensate. However for electron CR, the cross
section is almost the same, and thus the BDM flux
increases for lighter DM. As can be seen from the Fig. 3
(Left) with mχ = 10
−3GeV, the contribution of the
CR proton and Helium is dominant at Tχ . 0.1GeV,
while the electron contribution is larger at Tχ & 0.1GeV.
Attenuation When the DMs come through the Earth
crust, they can interact with the medium and lose en-
ergy. This attenuation of kinetic energy could make DM
undetectable because the DMs cannot reach the detec-
tor or the kinetic energy of DM become too small for
the threshold in the direct detection. The energy loss of
DM particles per depth that passing through the medium
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FIG. 3: Flux of BDM around Earth generated from scatterings with proton (blue), He (orange), electron (green), and the
total (black). Here we used mχ = 10
−3 GeV (Left), and 0.1GeV (Right), with mZd = 0.03GeV, αd = 1, and sin
2 ε = 10−7.
is [6]
dTχ
dz
= −
∑
N
nN
∫ Tmaxr
0
dσχN (Tr)
dTr
Tr dTr, (12)
where Tr is the energy lost by BDM in a collision with
nucleus N . In a realistic model, the energy dependence
of the cross section must be considered.
As a simple example, for a constant scattering
cross section and for isotropic scattering
dσχN (Tr)
dTr
=
σχN/T
max
r , we can approximate Eq. (12) as,
dTχ
dz
= −1
2
∑
N
nNσχNT
max
r ≈ −
1
2mχℓ
(
T 2χ + 2mχTχ
)
,
(13)
where nN is number density of N nuclei, T
max
r is max-
imum kinetic energy of recoiled nucleus. In the second
equation, we used Tχ ≪ mN , and
ℓ−1 ≡
∑
N
nNσχN
2mNmχ
(mN +mχ)
2 , (14)
where N includes relevant nuclei in the medium. The
Eq. (13) is solved as
T zχ = 2mχ
[(
2mχ
T 0χ
)
ez/l − 1
]−1
. (15)
After solving differential equation Eq. (13), we obtain
the differential flux [6]
dΦχ
dT zχ
=
(
dTχ
dT zχ
)
dΦχ
dTχ
=
4m2χe
z/ℓ(
2mχ + T zχ − T zχez/ℓ
)2 dΦχdTχ ,
(16)
where T zχ is the kinetic energy of dark matter at depth z.
For non-relativistic case,mχ ≫ Tχ, the flux is suppressed
efficiently at depth z by the exponential factor ez/l for
the cross section larger than
σχN ∼ 10−27 cm2
(
km
z
)(
1023 cm−3
nN
)( mN
10GeV
)(1GeV
mχ
)
,
(17)
which depends inversely on mχ.
For relativistic DM, mχ ≪ Tχ, Eq. (16) becomes
dΦχ
dT zχ
=
1
(1− zT zχ
∑
N nNσχN/mN)
2
dΦχ
dTχ
, (18)
and the attenuation happens at depth z for the cross
section larger than
σχN ∼ 10−27 cm2
( mN
10GeV
)( km
z
)(
1GeV
T zχ
)(
1023 cm−3
nN
)
,
(19)
which is independent of mχ, however depends on T
z
χ .
Since the elastic scatterings on nuclei dominates the
attenuation compared to the electrons, we consider only
the nuclei to determine the critical cross section for the
attenuation [14].
IV. DIRECT DETECTION OF BOOSTED DM
The DMs that survived the attenuation of the Earth
crust reach the underground detector and can scatter the
nuclei or the electrons.
A. DM-nucleus interaction
The BDMs that reach down the Earth could collide
with target nucleus inside in the detector [6]. This time,
the nucleus is at rest and the DM is moving, which is
the opposite situation for upscattering DM by cosmic
rays. The differential rate per target nucleus is obtained
similarly to Eq. (10) as
dΓN
dTN
=
∫ ∞
Tχ(Tmin,zχ )
dTχ
dσχN
dTN
dΦχ
dTχ
, (20)
where the Tχ
(
Tmin,zχ
)
is kinetic energy of boosted DM
particle outside Earth which gives the minimum kinetic
5FIG. 4: Constraints on the DM mass and kinetic mixing from
BDM through the scatterings with nuclei (red) and electrons
(blue). Here we used αd = 1 and mZd = 30MeV. The
future prospects are shown with dashed and dotted lines. The
constraints from other direct detection experiments are also
shown with thin colors: direct detection with nuclei at Xenon-
1T (orange) [25], and direct detection with electrons at Super-
K (green) [26].
energy at the depth z inside the Earth to make kinetic
energy of target nucleus TN . Then we can calculate the
count rate by integrating between the experimentally ac-
cessible recoil energies TN ∈ {T1, T2}, and compare it
with the observational constraint.
For the present bound from Xenon-1T, we use T1 =
4.9 keV, T2 = 40.9 keV, and require that ΓN <
ΓXenon1TN ≃ 10−34 /s. For future prospect, we use fac-
tor 10 higher sensitivity with Xenon nT [25], and 500 to
get to the neutrino floor.
B. DM-electron interaction
The BDM scatterings with electron can be probed if
the recoil energy of the electron Te is large enough [7].
Using the results of Super-K with 161.9 kton yr [26],
that is searching signals with Te > 100 MeV, we apply
the number of the events in the range 0.1GeV < Te <
1.33GeV is smaller than 4042 for 2628.1 days of SK to
put the constraint.
C. Results
In Fig. 4, we show the constraints on the parameters
of (mχ, sin
2 ε) from BDM for the fixed values of αd = 1
and mZd = 30MeV. The red (blue) shaded region in
the left top is disallowed from the direct detection of the
BDM with nuclei (electrons) in the detector. The future
prospects are also shown with dashed (10 times) dotted
lines (500 times). The constraints from other direct de-
tection experiments are shown with thin colors: direct
detection with nuclei (orange) [27], and direct detection
with electrons (green) [14].
FIG. 5: Constraints from BDM on the parameter region
(mZd , sin
2 ε2) with DM mass mχ = 100MeV for αd = 1.
Here we used the constraint from Xenon-1T (solid), future
prospect (dashed), and neutrino floor (dotted) [25]. The other
constraints shown with grey colors include those from collider,
and beam-dump. The constraints from direct detection are
also shown with orange and green colors.
The BDM constraints complements the other bounds
of the direct detection with the non-relativistic DM.
This new bound closes a small open spot at around
mχ = 0.1GeV and sin
2 ε = 3 × 10−5 and exclude the
region of mχ < 4MeV and sin
2 ε & 10−5 which is not
probed by non-relativistic DM direct detection. However
these white regions of left-bottom and right-top are also
constrained when we include the bound from the beam-
dump experiments and cosmological considerations.
In this realistic model of DM, the shape of the con-
straint is different from those where constant cross sec-
tion was assumed [6–8], or that where a simple vector
mediation model to the nucleon was used [9]. The mχ-
dependence of the BDM constraint can be understood as
follows.
First, the number of DM in the halo is inversely pro-
portional tomχ. For the DM-nucleus direct detection, we
need to have recoil energy of nucleus larger than keV. For
mχ . 10MeV, this is satisfied for the DM kinetic energy
larger than around 10 MeV, at which the BDM flux is
mainly from CR of proton and Helium as well as compa-
rable contribution from electron. The energy transferred
from CR proton to DM scales as Tχ ≃ 2mχT 2i /m2p, and
the integral of the CR flux, which scales ∼ T−2.7i , is pro-
portional to (Tmini )
−1.7 ∝ mχ0.85. Therefore the event
rate is proportional to Γ ∝ mχ−1ε4mχ0.85 = ε4mχ−0.15,
which gives ε2 ∝ mχ0.075. For mχ & 10MeV, the CR
proton to DM scattering cross section becomes depen-
dent on ε2mχ
2, and also the recoil energy of nucleus
scales TN ≃ 2mχTχmN , with Tχ ≃ 2mχT 2i /m2p. Therefore
Γ ∝ ε4mχ2.7, which gives ε2 ∝ mχ−1.35. That explains
the up and down of the BDM constraint (red) in Fig. 4.
For DM-electron direct detection in Super-K, it is nec-
essary that the recoil energy of electron be larger than
6100 MeV. For mχ . 10MeV, the dominant contribution
to BDM comes from CR electron, and for mχ & 10MeV
it comes from CR proton/Helium. For low mχ re-
gion, the event rate scales as Γ ∝ mχ−1ε4, resulting in
ε2 ∝ √mχ. For large mχ region, Te ≃ 2meT 2χ/mχ2, and
Γ ∝ ε4mχ−2.7. This gives ε2 ∝ mχ1.35 [7].
In Fig. 5, we show the constraints on the plane of
(mZd , sin
2 ε) for mχ = 100MeV and αd = 1, with other
direct detection bound (orange and green) as well as
the constraints from collider [28] and beam-dump ex-
periments [29] (grey). The present BDM constraint is
already within the bounds of collider and in the future
BDM may touch the unbounded region by them, though
it is already ruled-out by the Xenon10 experiment.
V. ASTROPHYSICAL CONSTRAINTS
The large kinetic mixing of the hidden gauge boson
with SM may change the effective number of neutri-
nos, which represents the degrees of freedom of rela-
tivistic decoupled species. The current Planck observa-
tion gives lower bound on the allowed mass of hidden
gauge boson around 8.5 MeV for the mixing parameter
sin ε & 10−9 [15].
The large annihilation of DMs in the early Universe
also can affect the BBN and CMB [19, 30]. However this
may be avoided for a specific models of dark matter such
as asymmetric dark matter. This requires non-thermal
production of dark matter, which is beyond of our simple
model of kinetic mixing [31].
VI. CONCLUSION
We studied the impact of the boosted dark matter
generated by scatterings of the high energy cosmic rays
mediated by the U(1) gauge kinetic mixing. The non-
observation in the underground direct detection com-
bined with the BDM constrains the light dark matter
region, independently of the previous bounds of the di-
rect detection as well as the collider and beam-dump ex-
periments.
VII. APPENDIX
A. Kinematics
The differential cross section for elastic scattering of particle 1 and 2 is given by
dσ
dt
=
∣∣M∣∣2
16πλ(s,m21,m
2
2)
, (21)
where λ(a, b, c) = a2 + b2 + c2 − 2ab− 2bc− 2ca =
[
a−
(√
b+
√
c
)2] [
a−
(√
b−√c
)2]
.
If particle 2 is at rest initially, the Mandelstam variables are given by
s = m21 +m
2
2 + 2E1m2,
= (m1 +m2)
2 + 2T1m2 =M
2 + 2m1m2 + 2T1m2,
t = 2m22 − 2m2E2 = −2m2T2,
u = 2(m21 +m
2
2)− s− t =M2 − 2m1m2 − 2m2(T1 − T2),
(22)
where M2 = m21 +m
2
2, and
λ(s,m21,m
2
2) = (s− (m1 +m2)2)(s− (m1 −m2)2)
= (2E1m2 − 2m1m2)(2E1m2 + 2m1m2)
= 4m22(T
2
1 + 2m1T1)
= 2s ·m2 · Tmax2 .
(23)
Here T1 is the kinetic energy of a particle ”1” before collision and T2 is the kinetic energy of a particle ”2” after
collision, with the maximum of T2 given by
Tmax2 =
T 21 + 2m1T1
T1 + (m1 +m2)2/(2m2)
. (24)
7Therefore we can write Eq. (21) into
dσ
dT2
= −2m2 dσ
dt
= −
∣∣M∣∣2
16πsTmax2
. (25)
If
∣∣M∣∣2 is constant, the total cross section becomes
σtot =
∫ 0
−2m2Tmax2
(
dσ
dt
)
dt =
∣∣M∣∣2
16πs
. (26)
B. Scattering cross section of DM in the model of dark gauge boson
The Lagrangian we are using is written by
L = LSM − 1
4
ZˆdµνZˆ
µν
d +
sin ε
2
Bˆµν Zˆ
µν
d +
1
2
(m0Zd)
2Zˆµd Zˆdµ + Lint, (27)
where Bˆµν and Zˆdµν are the field strengths of U(1)Y in the SM and U(1)D in the dark sector respectively, with a
small mixing term parametrized by sin ε, and mZd is the mass of dark photon. The fermion dark matter χ has gauge
interaction with hidden gauge boson with gauge coupling gd as
Lint = gdχ¯γµχZˆdµ. (28)
The mixing term between Bˆ and Zˆd can be removed by the field redefinition,
B0µ
Z0dµ

 =

1 − sin ε
0 cos ε



 Bˆµ
Zˆdµ

 . (29)
The electroweak symmetry breaking generates mass to Zˆ boson with massless Aˆ, which are defined by
Aˆµ = cW Bˆµ + sW Wˆ
3
µ , Zˆµ = −sW Bˆµ + cW Wˆ 3µ , (30)
in terms of Weinberg mixing angle θW with cW ≡ cos θW and sW = sin θW . The mass term can be written in terms
of Z0 and Z0d by
1
2
(m0Z)
2ZˆµZˆ
µ =
1
2
(m0Z)
2(−sW Bˆµ + cW Wˆ 3µ)(−sW Bˆµ + cW Wˆ 3,µ),
=
1
2
(m0Z)
2Z0µZ
0,µ − (m0Z)2sW tεZ0µZ0,µd +
1
2
(m0Z)
2s2W t
2
εZd
0
µZ
0,µ
d ,
(31)
where
Z0µ = −sWB0µ + cW Wˆ 3µ , A0µ = Aˆµ. (32)
Then the mass matrix in the basis of (A0, Z0, Z0d) is written as
M2 =

1 0 00 (m0Z)2 −(m0Z)2sW tε
0 −(m0Z)2sW tε
(m0Zd
)2
cos2 ε + (m
0
Z)
2s2W t
2
ε

 , (33)
which can be diagonalized to find the mass eigenstates (ASM , ZSM , Zd)

ASMµ
ZSMµ
Zdµ

 =


1 0 0
0 cos θX − sin θX
0 sin θX cos θX




A0µ
Z0µ
Z0dµ

 , (34)
8with the mixing angle θX given by
tan 2θX =
2(m0Z)
2sW tε
(m0Z)
2(1 − s2W t2ε)− (m0Zd)2/c2ε
. (35)
The mass eigenvalues for ZSM and Zd are [17]
m2ZSM = (m
0
Z)
2 (1 + sW tεtX) ,
m2Zd =
(m0Zd)
2
c2ε
(1 + sW tεtX)
−1 .
(36)
In this paper, with small ε, we can approximate mZSM ≃ m0Z and mZd ≃ m0Zd . By rearranging the above terms,
we can find the relations between the mass eigenstates of the gauge bosons (ASM , ZSM , Zd) and the interaction
eigenstates (Aˆ, Zˆ, Zˆd) as
Aˆ = ASM − cW tεsXZSM + cW tεcXZd,
Zˆ = (cX + sW tεsX)ZSM + (sX − sW tεcX)Zd,
Zˆd = −sX
cε
ZSM +
cX
cε
Zd.
(37)
For the standard model, the gauge interaction for a fermion ψ with SU(2) charge T3 and EM charge Q is
Lint = ψ¯γµψ
{
eQAˆµ +
e
sW cW
(T3 −Qs2W )Zˆµ
}
, (38)
where ψ = νL, eL, eR, etc and e = |e|. By using Eq. (37), we can find easily the interaction of SM particles to the
mass eigenstates of the gauge bosons.
C. DM-electron scattering
The interaction Lagrangian of electron is given by
Lint = e¯γµe [−eASMµ + gCZSMµ + gCdZdµ] + e¯γµγ5e [gAZSMµ + gAdZdµ] , (39)
where
gC =
e
4
[
cX(3 tan θW − cot θW ) + 3sXtε
cW
]
,
gCd =
e
4
[
sX(3 tan θW − cot θW )− 3cXtε
cW
]
,
gA =
e
4cW
[
cX
sW
+ sXtε
]
,
gAd =
e
4cW
[
sX
sW
− cXtε
]
.
(40)
Note that tX ≃ sW tε(1−mZd2/m2Z)−1 for very small ε and θX , and thus gCd and gAd becomes
gCd ∼e
4
mZd
2
m2Z −mZd2
c2W − 3s2W
cW
ε,
gAd ∼e
4
mZd
2
m2Z −mZd2
1
cW
ε.
(41)
The invariant matrix element M is
9iM = u¯spχ
(
igd
sX√
1− ε2 γ
µ
)
us
′
kχ

−i
(
ηµν − qµqνm2
Z
)
q2 −m2Z

 u¯rpe (iγν(gC + gAγ5))ur′ke
+ u¯spχ
(
−igd cX√
1− ε2 γ
µ
)
us
′
kχ


−i
(
ηµν − qµqνm2
Zd
)
q2 −m2Zd

 u¯rpe (iγv(gCd + gAdγ5))ur′ke ,
(42)
and the spin-averaged amplitude squared is
|M|2 = 2g
2
d
1− ε2

( sXgC
t−m2Z
− cXgCd
t−m2Zd
)2
A(mχ,me) +
(
sXgA
t−m2Z
− cXgAd
t−m2Zd
)2
B(mχ,me)

 , (43)
where
A(mχ,mi) = 2tM
2 + (s−M2)2 + (u −M2)2,
B(mχ,mi) = (s−M2)2 + (u −M2)2 + 2t(m2χ −m2i )− 8m2χm2i ,
with M2 = m2χ +m
2
i .
(44)
For non-relativistic limit, s→ (m1+m2)2, t→ 0, and u→ (m1−m2)2, then A(mχ,mi) = 8m2χm2i , and B(mχ,mi) = 0.
In this limit, Eq. (22) becomes
t = −2m2T2,
s−M2 = 2m1m2 + 2m2T1,
u−M2 = −2m1m2 − 2m2(T1 − T2).
(45)
For the non-relativistic limit, |M|2 becomes
|M|2 = 16g
2
dm
2
χm
2
e
1− ε2
(
sXgC
m2Z
− cXgCd
m2Zd
)2
, (46)
and the scattering cross section is given by
σNRχe =
g2dµ
2
χe
π(1− ε2)
(
sXgC
m2Z
− cXgCd
m2Zd
)2
. (47)
D. DM-neutrino scattering
The interaction Lagrangian of neutrino is given by
Lint = ν¯eγµ(1− γ5) [gAZSMµ + gAdZdµ] νe. (48)
.
Withe the invariant matrix element M given by
iM = χ¯(p′)
(
igd
sX√
1− ε2 γ
µ
)
χ(p)

−i
(
ηµν − qµqνm2
Z
)
q2 −m2Z

 ν¯e (k′) (−igAγν(1− γ5)) νe (k)
+ χ¯(p′)
(
−igd cX√
1− ε2 γ
µ
)
χ(p)


−i
(
ηµν − qµqνm2
Zd
)
q2 −m2Zd

 ν¯e (k′) (−igAdγv(1 − γ5)) νe (k) ,
(49)
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the spin-averaged amplitude squared is obtained as
|M|2 = 4g
2
dA(mχ, 0)
(1− ε2)
(
sXgA
(t−m2Z)
− cXgAd
(t−m2Zd)
)2
. (50)
E. DM-nucleus scattering
The interaction Lagrangian of the proton and neutron is given by
Lint = p¯γµp (eASMµ − gCZSMµ − gCdZdµ) + p¯γµγ5p (−gAZSMµ − gAdZdµ)
+ n¯γµ(1 − γ5)n (−gAZSMµ − gAdZdµ)
, (51)
and thus the interaction of the Nucleus with mass number A and the number of proton Z is
Lint = N¯γµN [ZeASMµ − gNCZSMµ − gNCdZdµ] + N¯γµγ5N [−gNAZSMµ − gNAdZdµ] , (52)
gNC = ZgC + (A− Z)gA,
gNCd = ZgCd + (A− Z)gAd,
gNA = (2Z −A)gA,
gNAd = (2Z −A)gAd.
(53)
The invariant matrix element M is
iM = u¯spχ
(
igd
sX√
1− ε2 γ
µ
)
us
′
kχ

−i
(
ηµν − qµqνm2Z
)
q2 −m2Z

 u¯rpN (−iγν(gNC + gNAγ5))ur′kN
+ u¯spχ
(
−igd cX√
1− ε2 γ
µ
)
us
′
kχ


−i
(
ηµν − qµqνm2
Zd
)
q2 −m2Zd

 u¯rpN (−iγv(gNCd + gNAdγ5))ur′kN ,
(54)
and the spin-averaged amplitude squared is
|M|2 = 2g
2
d
1− δε2

(sXgNC
t−m2Z
− cXgNCd
t−m2Zd
)2
A(mχ,mN) +
(
sXgNA
t−m2Z
− cXgNAd
t−m2Zd
)2
.B(mχ,mN )

 (55)
For non-relativistic limit, it becomes
∣∣M¯∣∣2 = 16g2dm2χm2N
1− ε2
(
sXgNC
m2Z
− cXgNCd
m2Zd
)2
,
=
16g2dm
2
χm
2
N
1− ε2
(
Z
(
sXgC
m2Z
− cXgCd
m2Zd
)
+ (A− Z)
(
sXgA
m2Z
− cXgAd
m2Zd
))2
,
(56)
and the total scattering cross section becomes
σNRχN =
g2dµ
2
χN
π(1− ε2)
(
Z
(
sXgC
m2Z
− cXgCd
m2Zd
)
+ (A− Z)
(
sXgA
m2Z
− cXgAd
m2Zd
))2
. (57)
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